Introduction
Antimicrobial peptides (AMPs) are predominantly produced by Gram-positive microbes to suppress the growth of competitors in their natural habitats (Berdy, 2005) . The main target of AMPs is the bacterial cell envelope, especially different intermediates of the lipid II cycle. By binding to their target molecules, AMPs inhibit cell wall biosynthesis and cause cell death (Silver, 2003; Breukink and de Kruijff, 2006; Jordan et al., 2008) .
In Firmicutes bacteria, sensing of and resistance against AMPs is usually mediated by highly conserved Bce-like detoxification modules containing an ATPbinding-cassette (ABC) transporter and a twocomponent system (TCS) (Dintner et al., 2011) . The genome of Bacillus subtilis encodes three such systems: BceRS-BceAB, PsdRS-PsdAB and the poorly understood YxdJK-YxdLM-YxeA system (Joseph et al., 2002; Gebhard and Mascher, 2011) . The BceRS-BceAB paradigm responds to AMPs such as bacitracin, actagardine and mersacidin Dintner et al., 2014; Fritz et al., 2015) . It consists of two separate operons: the bceRS operon encodes the TCS comprised of a membrane anchored histidine kinase (HK), BceS, and a cytoplasmic response regulator (RR), BceR, under the control of a constitutive promoter. The bceAB operon encodes the ABC transporter under the control of an inducible BceR-dependent promoter, P bceA . In the absence of AMPs, both operons are expressed at a very low level. In the presence of AMPs such as bacitracin, the ABC transporter BceAB senses this stimulus and passes the signal on to the HK BceS (Dintner et al., 2014) . Upon autophosphorylation, BceS then activates its cognate RR BceR by phosphoryl-group transfer. Phosphorylated BceR will then bind to P bceA and strongly induce bceAB transcription, ultimately resulting in increased BceAB production, thereby conferring AMP resistance (Mascher et al., 2003; Ohki et al., 2003; Bernard et al., 2007; Rietk€ otter et al., 2008; Fritz et al., 2015) (Fig. 1 , black system, BceAB not shown).
The main inducers of the Psd system are lipid IIbinding lantibiotics such as nisin, actagardine, gallidermin and subtilin. In turn, the Psd system confers resistance against nisin, actagardine and subtilin . The signal transduction pathway within Psd system (Fig. 1 , gray system, PsdAB not shown) is similar to that described for the Bce system . Despite significant sequence similarity between BceRS-BceAB and PsdRS-PsdAB, signaling in each system is generally well insulated from the other, although a previous study has demonstrated some degree of cross-phosphorylation between BceS and PsdR at high bacitracin concentrations (Rietk€ otter et al., 2008) (Fig. 1, dotted arrow) .
In bacteria, transcription initiation starts with promoter recognition by the r subunit of the RNA polymerase holoenzyme at the 235 promoter element, followed by binding and unwinding of the DNA double helix at the 210 promoter element (Lee et al., 2012) . A 210 promoter element with a perfect match to the r A consensus sequence (TATAAT) could be identified in P bceA . It is located 6 bp upstream of the transcription initiation site, which is 32 bp upstream of the bceA start codon. However, a conserved 235 element was not found (Ohki et al., 2003) . An identical r A -dependent 210 element was also found in P psdA , again lacking a clear 235 element at the appropriate position (Staro n et al., 2011) ( Fig. 2A ). For such promoters deviating significantly from the consensus sequence at the 235 position, the r subunit of RNA polymerase can still be recruited to these promoters by interaction with activators like RRs binding to the upstream region (Jarmer et al., 2001; Paget and Helmann, 2003) . RRs usually contain an Nterminal receiver domain and a C-terminal output domain (Gao and Stock, 2009 ). Both BceR and PsdR belong to the OmpR/PhoB subfamily of RRs with a Cterminal winged helix-turn-helix DNA-binding output domain that regulates the transcription of target genes by binding to their corresponding promoter regions via a specific recognition motif (Mart ınez-Hackert and Stock, 1997; Fabret et al., 1999; Galperin, 2010) . Inverted repeats on P bceA as well as on P psdA were mapped as BceR-and PsdR-binding sites, respectively, upstream of the corresponding 210 promoter elements ( Fig. 2A) , which implies an interaction between BceR-like RRs and the RNA polymerase holoenzyme (Ohki et al., 2003; de Been et al., 2008; Staro n et al., 2011) . The DNA binding domains of BceR and PsdR share 51% sequence identity (66% similarity) and the corresponding binding sites on P bceA and P psdA contain eleven out of 14 identical nucleotides ( Fig. 2A) (Joseph et al., 2002) . Nevertheless, no cross-regulation was detected at the transcriptional level between BceR-P psdA and PsdR-P bceA (Rietk€ otter et al., 2008) . Such a regulatory insulation, that is, prevention of nonspecific regulatory cross-talk, is of course desired and can arise at different molecular levels in vivo (Huynh and Stewart, 2011) . The most prominent mechanism for conferring such signaling specificity depends on the molecular recognition between the two interaction partners (Podgornaia and Laub, 2013) . However, in the case of the Psd and Bce systems, the high degree of identity between the two regulator binding sites raised the question how specificity can be ensured between two such closely related systems.
Here we provide detailed insights into the molecular mechanisms that ensure insulation and transcriptional regulation specificity between two Bce-like systems in B. subtilis, Bce and Psd at the level of RR-promoter interaction. Using both in vivo and in vitro approaches, we identified a secondary RR-binding site in both P bceA and P psdA , in addition to the previously identified (main) binding site. Importantly, we demonstrate that the main binding site, while being essential for promoter activation, does not significantly contribute to specificity of RR-promoter interactions. Instead, the secondary binding site and the variable linker region between the two sites are the primary specificity determinants. Moreover, our data show that in vivo promoter discrimination is based on competition between the two RRs for their respective binding sites.
Results
Identification of the minimal bceA and psdA promoter motif P bceA and P psdA are the target promoters for the RRs BceR and PsdR respectively . When B. subtilis is challenged with bacitracin, BceR is activated by the corresponding HK BceS and binds to a specific region of P bceA , resulting in a strong upregulation of the operon encoding the ABC transporter for resistance (Mascher et al., 2003) (Fig. 1) . Previous work has already mapped an inverted repeat sequence for BceR binding in the P bceA region (AAGCgTGTGACgaaaatGTCACAtGCTT) from 2111 to 284 upstream of the bceA start codon (Ohki et al., 2003) . For P psdA , a highly similar PsdR binding site (ATgTgACAgcatTGTaAgAT) could be identified from 299 to 280 upstream of the psdA start codon . In agreement with these studies, a comparative genomics study identified a putative binding site among most bceA-like promoters in Firmicutes bacteria, with an overall consensus sequence of TnACA-N 4 -TGTAA as a recognition site for BceR-like RRs (Dintner et al., 2011) . Activities of (D) P bceA mutants and (E) P psdA mutants with MBS R (main binding site random mutation), L R (linker random mutation) and SBS R (secondary binding site random mutation) are compared with the corresponding WT promoters. All promoter constructions were fused to lacZ and introduced into amyE locus of B. subtilis 168. Cultures growing exponentially in LB were challenged with Zn 21 -bacitracin 30 mg ml 21 (black bars) or nisin 2 mg ml 21 (gray bars) for 30 min, comparing with the noninduced condition (white bars). b-galactosidase activities are expressed in Miller Units (MU) (Miller, 1972) and results are shown as the mean plus standard deviation of three biological replicates. A log scale is applied for reasons of clarity.
We first wanted to verify that these two known conserved binding motifs are indeed indispensable for the RR-dependent activation of the bceA and psdA promoters and identify the minimal regulatory elements for both promoter regions. Toward that goal, progressively truncated bceA promoters starting with the 5 0 -position ranging from 2111 to 2103 and ending at 182 relative to the ATG start codon of bceA were used to construct transcriptional lacZ reporter fusions (Table S2) , which were integrated at the amyE locus in B. subtilis 168 wild type (WT) ( Table S1 ). Progressively truncated psdA promoter fragments starting with 5 0 -positions ranging from 2110 to 295, all ending at position 130 relative to the ATG start codon of psdA, were generated in a similar fashion ( Fig. 2A) . The promoter activity of the resulting reporter strains was determined by quantitative bgalactosidase assay in the presence of bacitracin (P bceA ) or nisin (P psdA ) (Staro n et al., 2011). Truncated bceA promoters from 2111 until 2106 showed activities comparable to the nontruncated promoter fragment starting at position 2122 after bacitracin induction (black bars) (Fig. 2B ). The truncations starting at position 2105 and position 2104 displayed a decreased promoter activity, while a further truncation of one additional nucleotide (starting at position 2103) led to a complete loss of promoter activity after bacitracin induction.
Similar results were obtained for truncated psdA promoter fragments after nisin induction (gray bars) (Fig. 2C) . No decrease of promoter activity was observed for truncations with 5 0 -positions starting from 2110 to 2100 relative to the positive control fragment, starting at position 2126. The promoter activities were significantly reduced for fragments truncated at positions 299 to 296, while a truncation at position 295 led to a complete loss of activity after nisin induction. These data confirmed that the 7-4-7 nt binding motif TGTGACGaaaaTGTCACA of P bceA and the TGTGACAgcatTGTAAGA binding motif of P psdA are indeed necessary for promoter induction and constitute likely binding sites for BceR and PsdR, in good agreement with previous reports (Ohki et al., 2003; de Been et al., 2008; Staro n et al., 2011) . These will be referred to as "main binding sites" (MBSs) from now on. Position 2104 relative to bceA start codon and position 296 relative to psdA start codon determine the minimal 5 0 -end of active RR-dependent promoter fragments.
A secondary binding site on bceA and psdA promoters Sequence analysis of P bceA and P psdA did not identify a typical 235 region (TTGACA) upstream of the 210 region as normally recognized by r A (Jarmer et al., 2001 ). However, a 7 nt conserved half binding site for a BceR-like RR, located 13/14 nt downstream of the MBS and 38 nt upstream of the 210 region, was predicted for both the bceA and the psdA promoter regions (Dintner et al., 2011) . This observation implies the existence of a secondary binding site (SBS) instead of a typical 235 element on bceA-like promoters. Based on this prediction, we annotated a putative SBS also showing the 7-4-7 pattern, as well as a linker region (L) between the MBS and the SBSs on both bceA and psdA promoters ( Fig. 2A) . We experimentally investigated the function of the predicted promoter motifs by randomizing their sequence, while maintaining the GC/AT content of the linker region. The fragments were used to generate lacZ reporter gene fusions (Tables 1 and 2 ) and were assayed as before. Both the WT bceA promoter (Fig. 2D ) and the psdA promoter (Fig. 2E ) showed strong induction with the corresponding inducers bacitracin (black bars) or nisin (gray bars) compared to the noninduced samples (white bars), but no such response to the noncognate inducer. The weak induction of P psdA by bacitracin (Fig. 2E ) was due to the known cross-phosphorylation of PsdR by BceS (Rietk€ otter et al., 2008) (Fig. 1, dotted arrow) . Randomizing the MBS led to a complete loss of activity for both promoters. The same effect was obtained when randomizing the sequence of the predicted SBS. However, activities of both bceA and psdA promoters only showed a slight decrease by randomly mutating the corresponding linker region (L) between the two binding sites ( Fig. 2D and E ).
The data demonstrate that on both P bceA and P psdA , a SBS exists that is located downstream of the MBS with a 13/14 nt linker region in between them. This SBS seemingly replaces the 235 region and is as indispensable as the MBS for RR-dependent promoter activity. Additional assays done by randomizing either the first or the second half of each SBS were in agreement with the results obtained for the completely randomized SBSs (data not shown), further demonstrating that each half binding site has the same importance for P bceA and P psdA activity.
Major specificity determinants are located in the region containing linker and SBS So far, we have identified an extended regulatory region in P bceA and P psA , consisting of two binding sites, MBS and SBS, and a linker region between them. Since there is no in vivo cross-regulation at the RR-promoter interface, neither between BceR-P psdA nor PsdR-P bceA (Rietk€ otter et al., 2008) , we therefore wanted to analyze the specificity determinants within the bceA/psdA promoters. Toward that goal, a series of chimeric promoters derived from P bceA and P psdA was constructed (Table  S2 ) and fused with lacZ. Chimeric promoters BP1-4 are derived from P bceA (black) with gradually substituting P psdA (gray) at the 3 0 -terminal end (Fig. 3A) . Chimeric promoters PB1-4 are derived from P psdA (gray) with increasing of 3 0 -fragments from P bceA (black) (Fig. 3B ).
To specifically eliminate any cross-talk between the Bce and Psd systems, the chimeric promoters as well as WT P bceA and WT P psdA fragments as references, were introduced into the WT strain and additionally the otherwise isogenic DbceRS (TMB1460) and the DpsdRS (TMB1462) strains (Table S1 ). Compared to the WT strain, the DbceRS and DpsdRS backgrounds remove the effect of cross-phosphorylation and hence provide a clearer view of individual RR-promoter interactions. P bceA showed the same high activity in the DpsdRS mutant (Fig. 3D ) as in the WT strain (Fig. 3C ) after bacitracin induction, but no activity after nisin induction in either the WT (Fig. 3C ) or the DbceRS background (Fig. 3E ). Correspondingly, P psdA was highly induced by nisin in both the WT strain ( Fig. 3C ) and the DbceRS mutant (Fig. 3E) . Importantly, the moderate induction of Fig. 3 . Functional studies of chimeric promoters derived from P bceA ("B") and P psdA ("P"). Schematic of series of chimeric promoters (A) BP1-4, bceA promoter fragments (black) with gradual substitutions of 3 0 region by increased corresponding parts of psdA promoter (gray) and (B) PB1-4 vice versa are compared with WT P bceA and P psdA . The MBS and SBS of P bceA and P psdA are represented as in Fig. 1 . Gray dashed lines indicate the fusion points of each chimera. (C-H) Activities of chimeric promoters compared with WT promoters in different genetic backgrounds of B. subtilis. Transcriptional lacZ fusions of WT promoters (P bceA and P psdA ) as well as different sets of chimeras (BP1-4 and PB1-4) were integrated at the amyE locus of B. subtilis wild type (WT), DpsdRS strain (TMB1462) and DbceRS strain (TMB1460). Promoter activities were measured by b-galactosidase assay as described in P psdA by bacitracin seen in the WT (Fig. 3C ) was not detected in the DbceRS mutant ( Fig. 3D ) due to the elimination of cross-phosphorylation between BceS and PsdR. These results are in agreement with previous studies that there is no cross-regulation at the RR-promoter level.
Chimeric promoters BP1 and BP2 showed high activity after induction with bacitracin in both the WT strain ( Fig. 3C ) and the DpsdRS strain (Fig. 3D ), but no activity upon nisin induction in either the WT strain (Fig. 3C ) or the DbceRS strain (Fig. 3E) . Hence, BP2 could be recognized by BceR, but not by PsdR. These results indicate that the specificity determinants are located within the region upstream of and including the SBS. Interestingly, the chimeric promoter BP3 could neither be induced by bacitracin in the DpsdRS background ( Fig. 3D ) nor by nisin in the DbceRS background (Fig.  3E ), but showed moderate induction by bacitracin in only the WT background (Fig. 3C ). The observation that PB3 requires both TCSs for responding to bacitracin might point toward the formation of RR heterodimers. But this interpretation is purely speculative at the moment and will require follow-on studies. Moreover, BP4 -possessing the whole region downstream of the MBS originating from P psdA -was not only moderately induced by bacitracin in the DpsdRS background ( Fig. 3D ) but also by nisin in the DbceRS background (Fig. 3E) , indicating a relaxation of specificity from BceR to PsdR. The results of BP2 and BP4 demonstrate that the major specificity determinants of P psdA are located in the region containing the linker and the SBS.
Chimeric promoters PB1 and PB2 showed a decreased activity after induction with nisin in both the WT background ( Fig. 3F ) and the DbceRS mutant ( Fig. 3G ) relative to P psdA , and no bacitracin induction in the DpsdRS mutant ( Fig. 3H ), indicating no change of specificity. These results corroborate that the region downstream of the SBS is not relevant for the RR-promoter specificity. Interestingly, PB3 showed a significantly decreased activity in the DbceRS mutant with nisin induction (Fig. 3G ) and a strongly increased activity in the DpsdRS mutant with bacitracin induction (Fig. 3H ). Chimera PB4 was not inducible by nisin in the DbceRS strain (Fig. 3G ), but instead showed high induction by bacitracin in the DpsdRS strain ( Fig. 3H ), strongly reminiscent of the intact P bceA . The promoter activities of PB3 and PB4 in the WT strain ( Fig. 3F ) were in accordance with those observed in both mutant backgrounds. These data indicate that the change of specificity from P psdA to P bceA can be achieved by exchanging the SBS (PB3), and is further strengthened by an additional substitution of the linker region (PB4).
The analysis of chimeric promoter constructs described above demonstrates that (i) all three regulatory parts (MBS-linker-SBS) together determine the RR-specificity, with (ii) the region downstream of the MBS of P bceA /P psdA , containing the linker and the SBS, functioning as the main discriminator for BceR/PsdR recognition.
Rewiring the specificity between P bceA and P psdA enables dissecting the roles of individual specificity determinants
To further investigate the functions of MBS, linker region and SBS on the psdA promoter for PsdR recognition, additional chimeric promoters were generated with different combinations of these three motifs on P bceA replaced by the corresponding region of P psdA (Fig. 4A) to rewire specificity from BceR to PsdR. Promoter activities were measured as described above in the WT strain (Fig. 4C) , the DpsdRS strain (Fig. 4D ) and the DbceRS strain (Fig. 4E ).
Compared to P bceA , replacing only the MBS (M), the linker (L) or both (M 1 L) of P bceA with the corresponding region of P psdA showed decreased promoter activity in the WT strain after induction with bacitracin ( Fig. 4C) as well as in the DpsdRS mutant (Fig. 4D) . No increase of the promoter activity after induction by nisin was observed in either the WT strain (Fig. 4C) or the DbceRS mutant (Fig. 4E) . This indicates that the MBS, the linker or both of P psdA are not enough to cause activation via PsdR. Changing the SBS (S) on P bceA into P psdA led to a decrease of promoter activity after induction with bacitracin in the WT strain (Fig. 4C) as well as in the DpsdRS mutant (Fig. 4D ) and a slight but detectable increase of promoter activity after induction with nisin in the DbceRS mutant (Fig. 4E ). This indicates that exchanging only the SBS alone already conferred a relaxation of promoter specificity from BceR to PsdR.
Substitution of the linker together with the SBS (L 1 S) resulted in a higher promoter activity compared to only exchanging the SBS (S) both after bacitracin induction (Fig. 4D ) and nisin induction (Fig. 4E ). This indicates that the linker region (L) can enhance promoter activity with both cognate PsdR and noncognate BceR. Compared to only the SBS switch (S), exchanging both the MBS and the SBS simultaneously (M 1 S) resulted in a severe decrease of the promoter activity after induction with bacitracin ( Fig. 4D) , while causing an increase of the promoter activity after induction with nisin (Fig. 4E) .
Taken together, these results suggest that the SBS on P psdA is the main discriminator for PsdR-binding to P psdA , even though the intensity of induction with the SBS substitution alone is not very strong. The linker cannot determine specificity by itself but can increase promoter activity with both BceR and PsdR, which explains the change of specificity that was detected for construct BP4 including the linker and the SBS but not for construct BP3 with only the SBS (Fig. 3C) . Despite the fact that the MBS is absolutely crucial for RR-promoter interaction, the MBS of P psdA alone cannot determine specificity. Instead, it supports the SBS in strengthening the promoter activity. Not surprisingly, switching all three elements together (M 1 L 1 S) resulted in the highest change of specificity after induction with nisin ( Fig. 4E) , demonstrating that all three parts together contribute to the specificity.
In order to support the results obtained above, a similar approach was performed toward rewiring the specificity from P psdA to P bceA . A comparable series of chimeric promoters with different combinations of the MBS, the linker region and the SBS of P psdA being replaced by the corresponding regions from P bceA was constructed ( Fig. 4B) (Table S2 ) and the promoter activities of the corresponding B. subtilis reporter strains (Table S1 ) were determined. The results are shown in Fig. 4F-H . Overall, the combined data are in very good agreement with the results obtained for rewiring the specificity from P psdA to P bceA with only minor differences between the two sets.
Taken together, exchanging the MBS alone had no effect on the specificity of induction of P bceA and only caused a very minor change in P psdA behavior. Instead, the SBS provides the major discriminator for RR binding. The data are particularly clear for the BceR-P bceA interaction, where exchange of the SBS alone was able to cause a clear change in specificity, while the role of the SBS of P psdA for the PsdR-P psdA pair is less prominent. Both promoters have in common that the MBSs strengthen the specificity by increasing the interactions with the cognate RR, while simultaneously reducing the interactions with the noncognate RR. In addition, the linker regions fine tune promoter activity. While specific roles can therefore be attributed to these three regulatory elements, it should be pointed out that the specificity of BceR-like RRs for their target promoters is ultimately determined by the specific combination of MBS, linker and SBS working together.
In vitro analysis of BceR binding to P bceA and P psdA Next, we wanted to investigate if BceR could also discriminate between its native promoter P bceA and the noncognate P psdA in vitro. BceR carrying an N-terminal His 10 -tag with the expected molecular mass of about 27 kDa was produced in and purified from the cytoplasmic fraction of Escherichia coli C43(DE3) cells containing plasmid pCF120 (Table S2 ). Electrophoretic mobility shift assays (EMSAs) were performed with purified BceR and the two promoters P bceA and P psdA . 300 bp promoter DNA fragments (300 bp) of P bceA or P psdA containing the MBS, the linker region and the SBS were amplified and labeled at the 5 0 -end with 6FAM by PCR. 6FAM labeled P sigW (the target promoter of an ECF sigma factor in B. subtilis) was used as a negative control.
The results of EMSAs with BceR and P bceA are shown in Fig. 5A . Increasing concentrations of BceR phosphorylated by the addition of phosphoramidate (BceR-P; see Experimental procedure section) were incubated with 30 fmol of 6FAM-P bceA (lane 2 to lane 5), demonstrating a concentration-dependent binding of BceR-P to P bceA . The first shift was observed at 1.0 mM BceR-P representing the initial binding event of BceR-P to P bceA . An additional shift occurred at BceR-P concentrations of 1.5 mM or above and presumably represents a second Wiring specificity of Bce-like systems 23 binding event, consistent with the presence of two BceR binding sites on the DNA fragment. In contrast, unphosphorylated BceR showed a much weaker binding (data not shown), which demonstrated that RR-phosphorylation promotes DNA binding by increasing BceR affinity to P bceA .
Electrophoretic mobility shift assays were also performed between BceR-P and P psdA (Fig. 5B) . Two successive shifts of P psdA band in lane 3 and lane 4 compared to free P psdA DNA fragment (lane 1) demonstrated that BceR-P can also bind to two sites in the noncognate but highly related P psdA in vitro. In contrast, no shift was observed for the P sigW DNA fragment (Fig. 5E) , confirming the overall specificity of the assay: BceR-P cannot bind to promoter fragments that do not harbor the binding motifs of a P bceA -like promoter.
To further illustrate the specificity and affinities of BceR-P binding to P bceA and P psdA , 900 fmol of unlabeled promoter fragments were used as competitor DNA ( Fig. 5A and B, lane 6-8). Coincubation of BceR-P with 30 fmol 6FAM-P bceA and 900 fmol unlabeled P bceA fragment (Fig. 5A , lane 6) completely abolished the retardation of the labeled P bceA fragment due to the competitive binding of BceR-P to an excess of unlabeled P bceA . However, the shift of 6FAM-P bceA band was not influenced by adding a 30-fold molar excess of unlabeled P psdA (Fig. 5A, lane 7) or P sigW (Fig. 5A, lane 8) . This shows that despite its ability to bind to both P bceA and P psdA in isolation, BceR is clearly able to distinguish between the two promoters and preferentially binds to its cognate target. In contrast, the retardation of the 6FAM-P psdA DNA fragment was abolished by either addition of 30-fold excess unlabeled P bceA (Fig. 5B , lane 6) or unlabeled P psdA (Fig. 5B, lane 7) fragments but not by P sigW (Fig. 5B, lane 8) . These results clearly demonstrate that while BceR-P can interact with seemingly identical activities with both target promoters in isolation (the shift occurs at comparable BceR-P concentrations), it preferentially binds to its native promoter, P bceA , compared to P psdA in vitro when incubated in competition. Hence, the binding affinity for its cognate target promoter P bceA seems to be higher than for P psdA , which determines the in vivo specific transcription initiation. Unfortunately, any efforts to purify PsdR failed, thereby preventing the performance of similar in vitro studies on PsdR-P psdA /P bceA interactions.
Cooperative binding of BceR to two binding sites on P bceA
The in vivo promoter activity assays demonstrated that both binding sites on P bceA are indispensable for BceR-P bceA interaction (Fig. 2D) . Moreover, the EMSA studies on complete promoter fragments strongly suggest two binding events at P bceA in vitro (Fig. 5A) . To discriminate between the individual binding reactions, we next performed EMSAs with BceR-P on 6FAM labeled bceA promoter DNA-fragments carrying randomized versions of either the MBS or the SBS (Fig. 5D) .
Incubation of BceR-P with labeled P bceA SBS R (P bceA containing a native MBS and a randomized and hence inactive SBS) caused only a single shift at a BceR-P concentration of 1.0 mM (Fig. 5C ), a concentration comparable to the threshold concentration for binding to the intact P bceA fragment (Fig. 5A, lane 3) . Increasing the BceR-P concentration did not lead to any additional shift. Hence, P bceA containing only the MBS merely allows one binding event, which is the binding of BceR-P to the MBS. The identical BceR-P concentrations required for shifting either the WT or the SBS R fragments indicates that binding of BceR-P to the MBS is independent of the SBS. Incubation of BceR-P with labeled P bceA MBS R (P bceA containing a randomized and hence inactive MBS but an intact SBS) failed to retard the DNA fragment within the same concentration range (Fig. 5D ). This suggests that either BceR-P has a very low affinity for binding to the SBS alone or that binding to the SBS depends on and occurs after BceR-P binding to the MBS.
Determination of binding kinetics of BceR-promoter interaction unravels the mechanism that determines BceR promoter specificity
For quantitatively describing the binding kinetics of BceR-promoter interactions, we next performed surface plasmon resonance (SPR) spectroscopy in combination with Interaction MapV R (IM) analysis. We captured a biotin-labeled DNA fragment comprising the P bceA region (see Table S3 for exact sequence) to a sensor chip coated with immobilized streptavidin. Next, increasing concentrations of His 10 -BceR and His 10 -BceR-P were injected over the chip surface. While nonphosphorylated BceR did not interact with the P bceA promoter (Fig. 6A ), BceR-P showed clear binding (Fig. 6B) . Since BceR has two binding sites on the DNA fragment used for SPR, we performed IM analyses. In order to determine and quantify the individual binding events represented by the SPR curves. Briefly, the IM algorithm splits the experimental SPR data set into several theoretical monovalent binding events and selects the binding curves that best fit the experimental data when summed up. By plotting the association rate k a and the dissociation rate k d within a two-dimensional distribution, heterogeneous binding data can be displayed as a map, in which each peak corresponds to one component that contributes to the cumulative binding curve (Altschuh et al., 2012) . The sensorgram could be split into two binding events, one characterized by a fast ON/fast OFF (k a 5 1. (Fig. 6E) . Each binding peak makes up an approximate peak weight of 50% revealing that both DNA-binding sites are bound by equal amounts of BceR-P molecules.
As a next step, we determined the binding kinetics between BceR-P and P bceA when the MBS or the SBS was randomized (MBS R or SBS R , respectively). Inactivation of the MBS completely prevented DNA-binding of BceR-P (Fig. 6C) , while a clear DNA-binding of BceR could still be observed when only the SBS was randomized (Fig. 6D) . In contrast to the sensorgram including both intact binding sites (Fig. 6B) , the IM of the corresponding sensorgram suggested in principle only the slow ON/slow OFF binding event (k a 5 1.5 3 10 6 M*s; k d 5 4.9 3 10 24 /s, resulting in an overall binding affinity of K D 5 0.4 nM (Fig. 6F) . However, the in silico sensorgram is comparable to that one of the slow ON/slow OFF interaction of BceR-P to intact P bceA site revealing that this reflects binding of BceR-P to the MBS although the overall affinity is approximately sixfold higher, mainly caused by the fivefold higher ON rate. The peak weight is calculated as 80%, meaning that this interaction mainly contributes to the measured sensorgram. However, the fast ON/fast OFF peak did not completely disappear, but compared to the intact promoter site the peak weight is lower than 20% and can therefore be neglected. These data clearly show that the MBS of the P bceA region is essential for binding of the RR to the DNA. Moreover, the affinity of the RR is not sufficient to allow any binding of BceR to the SBS if the MBS was not previously occupied, at least under the experimental regime applicable for SPR spectroscopy. Comparing the binding kinetics of BceR-P to the intact and the SBS R promoter, it can be assumed that the SBS increases the overall affinity of the RR to the promoter region, and therefore is important for triggering gene expression. Finally, we wondered if the binding mechanism of BceR-P is also similar to the related P psdA . We captured DNA comprising the P psdA promoter as well as the P psdA promoter in which the MBS or SBS were inactivated (MBS R or SBS R , respectively) onto the chip. First, we injected increasing concentrations of nonphosphorylated BceR over the chip and observed, as expected, no binding to the P psdA promoter (Fig. 6G) . Then, increasing concentrations of BceR-P were injected. The interaction of Bce-R to P psdA was almost comparable to the one observed for the P bceA promoter (Fig. 6H) . The IM analysis underlying this sensorgram also revealed two binding events, one with fast ON/fast OFF (k a 5 6. Compared to the affinities of BceR-P to P bceA , the binding affinities for P psdA are indeed in a similar range, but both P psdA binding sites differ in their affinity in the factor of three to BceR-P (Fig. 6L ). In agreement with the data obtained for the P bceA promoter region, inactivation of the MBS completely prevented BceR-P binding to the P psdA promoter region (Fig. 6I) . Inactivation of the SBS showed a 1:1 interaction described by one peak in the IM analysis that corresponds to the slow ON/slow OFF MBS site with an association rate of k a 5 1.1 3 10 5 M*s and a dissociation rate k d 5 7.3 3 10 24 /s making an overall binding affinity of K D 5 6.7 nM (Fig. 6M) , also fitting well to k a , k d , and K D of the BceR-P/P psdA interaction (Fig.  6L) . These data clearly demonstrate that the binding mechanism of BceR-P to the P psdA promoter is comparable to that of BceR-P to the P bceA promoter, however, with slightly altered binding kinetics and binding affinities differing by a factor of three.
Taken together, the in vitro data obtained for the binding of BceR-P to isolated promoter fragments by EMSA ( Fig. 5A and B) and SPR spectroscopy (Fig. 6B, E , H, and L) are in good agreement with each other. They indicate a hierarchical cooperative binding of phosphorylated BceR-like RRs first to the MBS and then to the SBS. While promoter discrimination could not be explained by EMSAs alone, we could determine slight differences in the binding affinities by SPR combined with IM analyses that could explain promoter preference and discrimination of isolated RRs on single promoter fragments and therefore selected activation of transcription. Moreover, DNA curvature as well as interaction of BceR-P with the RNA polymerase could be further factors that finally lead to total promoter activation in vivo.
Discussion
On P bceA and P psdA , no typical 235 element was found in the appropriate location upstream of the 210 element, indicating that the r unit of the RNA polymerase cannot bind properly to the promoter by itself to initiate transcription initiation. However, binding can nevertheless be established under such conditions when the r unit interacts with an RR that binds to upstream elements of the promoter, thereby compensating weak r unit binding (Lee et al., 2012) . DNA binding domain structures of both PhoB and OmpR from the OmpR subfamily showed that these RRs can directly interact with the r subunit of the RNA polymerase (Mart ınez-Hackert and Stock, 1997; Blanco et al., 2002) . BceR and PsdR, which belong to the same subfamily, are assumed to assist the transcription initiation of RNA polymerase in a similar way.
Specific transcription initiation by RRs is important for maintaining the insulation of the corresponding signaling systems. The similarity of Bce-like RRs DNA-binding domain and their binding sites on target promoters increases the potential of unwanted cross-talk at the transcription initiation level. However, we could show that Bcetype RRs in B. subtilis are extremely specific in inducing the transcription of only their cognate ABC transporter operons. While we observed binding of BceR-P to both the cognate P bceA and the noncognate P psdA with very similar affinities in vitro ( Fig. 5A and B) , BceR can only induce the transcription of bceAB but not of psdAB in vivo (Fig. 3) . Moreover, our EMSA experiments showed that when incubated with a mixture of both promoter fragments, BceR is able to specifically bind its cognate target, even if that is present at 30-fold lower concentrations (Fig. 5) . Promoter discrimination between cognate and noncognate binding sites can therefore be based on even minor differences in binding affinities of isolated RRs to the otherwise highly similar binding sites, as demonstrated by the SPR measurements (Fig. 6 ). This discriminatory ability becomes especially apparent under conditions of competition between binding partners (as shown by the EMSA competition experiments, Fig. 5 ), which is most reminiscent of the intracellular environment, where both RRs and DNA target sequences are present at the same time.
The slight affinity preference is the ability of the RR to distinguish the cognate from noncognate promoter in the natural cellular setting. Our data strongly suggest that B. subtilis evolved a sophisticated mechanism to maintain this ability by combining this existing target site competition of homologous RRs to their respective binding sites with hierarchical and cooperative DNA binding (Fig. 7) . Instead of the single binding sites reported previously (Ohki et al., 2003; de Been et al., 2008) , we experimentally demonstrated the presence of two binding sites in the regulatory region of the Bce-type RR target promoters ( Fig. 2D and E) , as was already suggested by a comparative genomics study on Bce-like TCSs (Dintner et al., 2011) . By performing EMSAs and SPR assays of BceR with P bceA mutants carrying random mutation in either the MBS or the SBS, we demonstrated that BceR has a high affinity and shows independent binding to the upstream MBS ( Figs 5C and  6D ). BceR has a low affinity for the downstream SBS and cannot bind to it alone under our experimental conditions ( Figs 5D and 6C ). While it is not possible to unequivocally determine the order of BceR binding to its two target sites from the data presented herein, our results nevertheless strongly suggest that a BceR dimer first binds to the high-affinity MBS. This first binding event might then assist the subsequent binding of another dimer to the downstream low-affinity SBS. In this, binding to the MBS appears to be of low specificity, while the second binding event to the SBS occurs with high specificity. This is supported by our in vivo promoter activity assays where we showed that exchanging the SBS between the P bceA and P psdA fragments resulted in a much stronger influence on promoter specificity than exchanging the MBS by in vivo promoter activity assays (Fig. 4) . This hierarchical and cooperative binding to the two sites enables BceR to discriminate between its cognate promoter P bceA and the noncognate P psdA , which is based on: (i) the MBSs of these two promoters differ only in three bases and provide a high-affinity, low-specificity docking site; (ii) the SBSs of these two promoters harbor five different bases and represent low-affinity, yet high specificity interaction sites; and (iii) only this combination of MBS and SBS together with the binding competition described above ultimately allows BceR-P to discriminate between the cognate promoter P bceA and the noncognate P psdA , thereby ultimately ensuring the wiring specificity of highly similar RRs.
It should be pointed out that the specificity of interaction between BceR and the MBS/SBS of either the cognate or noncognate site -as expressed by the different binding affinities determined by SPR measurement in vitro (Fig. 6 ) -will in vivo of course be influenced by the relative cellular concentrations of phosphorylated BceRlike RRs. For both P bceA and P psdA , the K D values differ by a factor of 30 between the MBS and the SBS, with the first in the range of 2-7 nM while the latter was determined in the 50-150 nM range (Fig. 6) .
The strong discriminatory power of the SBS relative to the MBS suggests cellular BceR-P concentrations in the medium (approximately 10-100) nanomolar range. Under such conditions, the MBS of both P bceA and P psdA would be fully bound, while the small differences in binding affinities to the respective SBS should be sufficient for promoter discrimination at RR concentrations near the K D values. Unfortunately, no data on the cellular concentrations of BceR-like RRs are available, and even a comprehensive quantitative analysis aimed at determining the cellular amounts of all mRNA and protein species of the B. subtilis cell failed to detect BceR in any of over 200 conditions tested (Buescher et al., 2012) indicative of a very low basal abundance. The true physiological conditions for promoter-RR interaction therefore have to remain speculative.
The linker regions of these two promoters showed characteristically distinct GC/AT contents: P bceA has a high AT content, while P psdA has a high GC content ( Fig. 2A) . We showed that mutating the linker region Fig. 7 . Model of the specific transcriptional activation of P bceA by BceR and RNA polymerase. Initially, a BceR dimer (black), but not a PsdR dimer (gray) preferentially binds to the MBS of P bceA . This interaction then facilitates the binding of a second BceR dimer to the SBS directly upstream of the 210 element of P bceA . This second binding event then mediates the binding of the r A subunit of the RNA polymerase holoenzyme to the promoter region to ultimately initiate transcription. Presumably, the structure of the DNA is altered by the linker region between two binding sites (DNA bending). See discussion for details.
Wiring specificity of Bce-like systems 27 into a random sequence while maintaining the GC/AT content of each promoter only slightly affected the promoter activity ( Fig. 2D and E) . However, exchanging the linker region between these two promoters, which means changing the GC/AT content, resulted in a more pronounced effect on the promoter activity (Fig. 4) . ATrich sequences are known to mediate DNA bending (Koo et al., 1986) . One possibility is that the AT-rich linker region on P bceA confers a structural difference compared to P psdA by bending the promoter between two binding sites, which might accommodate the binding of two BceR dimers.
The high specificity of the SBS is presumably determined mainly by its first half-site, for which P bceA and P psdA differ in four out of seven bases. In contrast, the second half-sites of the SBSs only differ in one base. The sequence identity of the second half-site and its location at the 235 position suggests that it can probably be bound by both BceR and the r A subunit of the RNA polymerase. Along those lines, we saw that a P bceA mutant with the SBS replaced by a second MBS (MBS-linker-MBS) completely lost its promoter activity (data not shown), further supporting the importance of the second half for transcription initiation, presumably by r A subunit binding. Alternatively, the binding of the r 70 subunit to the 235 element could be replaced by protein-protein interactions between the RNA polymerase and BceR/PsdR. Such a mechanism was shown in vitro for PhoB and CRP-dependent promoter activation (Kumar et al., 1994) . A recent study demonstrated that in PhoB regulated promoters, r 70 forms a number contacts with DNA-bound PhoB, replacing contacts with the 235 element (Blanco et al., 2011) . Hierarchical and cooperative DNA binding is widespread among the OmpR RR subfamily. For example, PhoB can bind cooperatively to two binding sites in the pstS promoter with different individual binding affinities (Blanco et al., 2012) . P ompF has three OmpR binding sites with gradually reduced affinity from upstream to downstream, and binding of OmpR to the first site is important for subsequent binding to the lower-affinity downstream sites (Harlocker et al., 1995) . Likewise, the RR YpdB from E. coli also shows a two-step cooperative binding mechanism to its target promoter P yhjX (Behr et al., 2016) : binding of YpdB to the upstream site A initiates subsequent binding to the downstream site B followed by a rapid and successive promoter clearance. Similar to P bceA -binding of BceR, binding of YpdB to P yhjX was completely abolished if site A was inactivated (Behr et al., 2016) .
Interestingly, highly cooperative binding of BceR-P to its target promoter was already strongly suggested by a recent quantitative study on the regulatory dynamics of the Bce system (Fritz et al., 2015) . This study indicated a high degree of cooperativity within the signaling pathway, presumably caused by cooperative binding of BceR-P to multiple sites in the target promoter. This cooperativity was shown to be crucial for the highly dynamic dose-response behavior of bceAB expression in the presence of increasing amounts of bacitracin, resulting in an accurate produce-to-demand strategy that adjusts cellular BceAB levels to just the right amount to cope with the current presence of bacitracin (Fritz et al., 2015) . These specific results on BceR cooperativity are in good agreement with a recent theoretical study, which identified cooperativity as an important mechanism to significantly reduce crosstalk in gene regulation (Friedlander et al., 2016) .
The evolution of such complex regulatory mechanisms often correlates with the regulatory function of the RRs: e.g., PhoB and OmpR regulate dozens of operons in E. coli in the presence of certain stimuli. Some of these operons need to be highly up-regulated while others require only moderate or subtle modulations in response to a given trigger. Controlling such differential expression levels of multiple target operons by a single RR can be achieved through assembly of different numbers of binding sites with sequence variations. We have demonstrated for B. subtilis that a similar mechanism can also be used to maintain signaling specificity and regulatory insulation between paralogous Bce-like systems that presumably evolved by gene duplications followed by sequence diversification of both the DNA binding domain and their target promoter sequence. Combining a high-affinity but low-specificity MBS and a high-specificity but low-affinity SBS provides B. subtilis with enough sequence space to ensure that Bce-like RRs can evolve the ability to discriminate cognate from noncognate promoters, thereby ensuring the signaling fidelity of highly paralogous Bce-like systems on the transcription level. It will be interesting to see if such a combination of competitive and hierarchical cooperative binding can also explain the target site discrimination for other paralogous pairs of two-component systems.
Experimental procedures

Bacterial strains and growth conditions
All strains used in this study are listed in Table S1 . E. coli DH5a and XL1-blue were used for cloning. All B. subtilis strains used in this study are derivatives of the laboratory WT strain 168. E. coli and B. subtilis were grown routinely in Luria-Bertani (LB) medium at 378C with aeration. B. subtilis was transformed by natural competence as previously described (Harwood and Cutting, 1990) . Ampicillin (100 mg ml
21
) was used for selection of all plasmids in E. coli. Chloramphenicol (5 mg ml 21 ), spectinomycin (100 mg ml 21 ) or erythromycin (1 mg ml
) plus lincomycin (25 mg ml 2 1 ) for macrolide-lincosamide-streptogramin B (mls) resistance were used for the selection of B. subtilis mutants. Bacitracin was supplied as the Zn 21 -salt. Growth was measured as optical density at 600 nm wavelength (OD 600 ). Solid media contained 1.5% (w/v) agar.
Plasmid construction and genetic techniques
All plasmids constructed in this study are listed in Table S2 . The corresponding primer sequences are provided in Supporting Information (Table S3) . Different promoter fragments derived from P bceA and P psdA were fused to lacZ and cloned into the vector pAC6 (St€ ulke et al., 1997) via the EcoRI/ BamHI sites. The details of all promoter constructs are given in Table S2 . For construction of the BceR-production plasmid in E. coli, bceR was amplified with primers TM2007/2008 and cloned into vector pET16b with XhoI and BamHI obtaining pCF120, resulting in an N-terminal His 10 -tag fusion. Constructs for unmarked gene deletion in B. subtilis were cloned into the vector pMAD (Arnaud et al., 2004) . For each operon to be deleted, 800-1000 bp fragments located immediately before the start codon of the first gene ('up' fragment) and after the stop codon of the last gene ('down' fragment) were amplified. The primers were designed to create a 17-20 bp overlap between the PCR-products (Table S2) , facilitating fusion of the fragments by PCR overlap extension and subsequent cloning into pMAD. Gene deletions were performed as previously described (Arnaud et al., 2004) . All constructs were checked for by sequencing, and all B. subtilis strains created were verified by colony PCR using appropriate primers.
b-Galactosidase assays
Promoter activity assays were performed as described previously (Mascher et al., 2004) . In brief, cells were inoculated from fresh overnight cultures and grown in LB medium at 378C with aeration until they reached an OD 600 between 0.4 and 0.5. The cultures were split into 2 ml aliquots and challenged with 30 mg ml 21 bacitracin or 2 mg ml 21 nisin with one aliquot left untreated (noninduced control). After incubation for an additional 30 min at 378C with aeration, the cultures were harvested and b-galactosidase activities were determined as described previously, with normalization to cell density (Miller, 1972) .
Overproduction and purification of His-tagged BceR
To produce BceR carrying an N-terminal His 10 -tag, E. coli C43 (DE3) cells harboring plasmid pCF120 were grown at 258C with agitation until they reached an OD 600 of about 0.4. IPTG (0.5 mM) was added to the culture and incubation was continued at 188C with agitation overnight. Cells were harvested by centrifugation at 4400 3 g for 10 min. The cell pellet was washed with buffer A (20 mM potassium phosphate buffer [pH 7.5], 100 mM NaCl) and stored at 2208C until use.
To purify His 10 -tagged BceR, cells were resuspended in buffer B (50 mM potassium phosphate buffer [pH 7.5], 500 mM NaCl, 5 mM b-mercapto-ethanol, 10 mM imidazole and 10% (w/v) glycerol) supplemented with 0.1 mM phenylmethylsulfonyl fluoride (PMSF) plus 2 mg DNaseI and disrupted by three passages through a French pressure cell (Thermo Fisher) at 20,000 PSI. Unbroken cells were removed by centrifugation at 17,000 3 g for 20 min and the cell-free supernatant was filtered through a 0.45 mm syringe filter before loading onto a 1 ml Ni 21 -NTA resin column (Qiagen) pre-equilibrated with five column volumes (CVs) of buffer B. Loading was followed by washing with five CVs of buffer B and then with 5 CVs of buffer B containing 100 mM imidazole. BceR was eluted with buffer B supplemented with 250 mM imidazole. Fractions containing BceR were pooled and dialyzed in buffer C (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM MgSO 4 , 5 mM b-mercapto-ethanol, 5 mM imidazole and 10% (w/v) glycerol) at room temperature for 1 h. Protein concentration was determined with RotiV R -Nanoquant (Carl Roth), and the proteins stored at 48C until use.
Electrophoretic mobility shift assays
For electrophoretic mobility shift assays, different DNA fragments (around 300 bp) generated by PCR using primers TM3146 (5 0 terminal 6FAM labeled) and TM3137 were purified by gel extraction. Unlabeled DNA fragments were generated by PCR using primers TM3136/3137 and purified by gel extraction. N-terminal His 10 -BceR samples in the nonphosphorylated state and after phosphorylation with 50 mM phosphoramidate at room temperature for 2 h were centrifuged at 16060 3 g and 48C for 10 min to remove the aggregated protein. Protein concentrations of the supernatants were determined as above and the proteins were stored on ice. Binding reactions were set by incubating 6FAM-labeled DNA fragments with different concentrations of His 10 -BceR at room temperature for 20 min. The reaction mixture included 30 fmol labeled target DNA and 0, 0.5, 1.0, 1.5, 2.0 mM protein with binding buffer (20 mM Tris-HCl [pH 7.5], 50 mM KCl, 10 mM MgSO 4 , 1 mM DTT, 5 mg ml 21 salmon sperm DNA and 4% (w/v) glycerol) in a total volume of 5.5 ml. Unlabeled competitor DNA was added to the system to a final concentration of 900 fmol. Samples were loaded on a 6% native polyacrylamide gel and electrophoresis was performed by 300 V for 15 min in 13 TBE buffer. 6FAM fluorescence of labeled DNA bands was detected by PhosphorImager (Typhoon Trio TM , GE Healthcare).
Surface plasmon resonance spectroscopy
Surface plasmon resonance assays were performed in a Biacore T200 using carboxymethyl dextran sensor chips precoated with streptavidin (Xantec SAD500-L, XanTec Bioanalytics GmbH, D€ usseldorf, Germany). All experiments were carried out at a constant temperature of 258C and using HBS-EP1 buffer [10 mM HEPES pH 7.4; 150 mM NaCl; 3 mM EDTA; 0.05% (v/v) detergent P20] as running buffer. Before immobilizing the DNA fragments, the chips were equilibrated by three injections using 1 M NaCl/50 mM NaOH at a flow rate of 10 ml min
21
. Then, 10 nM of the respective double-stranded biotinylated DNA fragment was injected using a contact time of 420 s and a flow rate of 10 ml min
. As a final wash step, 1 M NaCl/50 mM NaOH/50% (v/v) Wiring specificity of Bce-like systems 29 isopropanol was injected. Approximately 100-200 RU of each respective DNA fragment were captured onto the respective flow cell. All interaction kinetics of BceR or BceR-P with the respective DNA fragment were performed in HBS-EP1 buffer at 258C at a flow rate of 30 ml min
. The proteins were diluted in HBS-EP1 buffer and passed over all flow cells in different concentrations (0.1-10 nM) using a contact time of 180 s followed by a 300 s dissociation time before the next cycle started. After each cycle the surface was regenerated by injection of 2.5 M NaCl for 60 s at 30 ml min 21 flow rate followed by a second regeneration step by injection of 0.5% (w/v) SDS for 60 s at 30 ml min
. All experiments were performed at 258C. Sensorgrams were recorded using the Biacore T200 Control software 2.0 and analyzed with the Biacore T200 Evaluation software 2.0. The surface of flow cell 1 was not immobilized with DNA and used to obtain blank sensorgrams for subtraction of bulk refractive index background. The referenced sensorgrams were normalized to a baseline of 0. Peaks in the sensorgrams at the beginning and the end of the injection emerged from the runtime difference between the flow cells of each chip.
Calibration-free concentration analysis (CFCA) was performed using a 5 mM solution of purified BceR-P (calculated from Lowry-based protein determination), which was stepwise diluted 1:2, 1:5, 1:10 and 1:20. Each protein dilution was two-time injected, one at 5 ml min 21 as well as 100 ml min 21 flow rate. On the active flow cell P psdA -DNA was used for BceR-P binding. CFCA basically relies on mass transport, which is a diffusion phenomenon that describes the movement of molecules between the solution and the surface. The CFCA therefore relies on the measurement of the observed binding rate during sample injection under partially or complete mass transport limited conditions. Overall, the initial binding rate (dR/dt) is measured at two different flow rates dependent on the diffusion constant of the protein. The diffusion coefficient of BceR-P was calculated using the Biacore diffusion constant calculator and converter webtool (https://www.biacore.com/lifesciences/ Application_Support/online_support/Diffusion_Coefficient_ Calculator/index.html), whereby a globular shape of the protein was assumed. The diffusion coefficient of BceR-P was determined as D 5 1.031 3 10 210 m 2 /s. The initial rates of those dilutions that differed in a factor of at least 1.5 were considered for the calculation of the "active" concentration, which was determined as 5 3 10 28 M (1% of the total protein concentration determined by Lowry assay) for BceR-P. The quite low percentage of "active" protein compared to total protein does not necessarily mean that most of the protein is inactive due to misfolding and/or aggregation. It is rather possible that not the complete amount is phosphorylated and therefore not "active" and/or that, although thoroughly washed with high salts, a portion of the protein has still DNA bound after the purification process. However, the "active" protein concentration was ultimately used for calculation of the binding kinetic constants.
Interaction map V R analyses
Interaction map calculations were performed on the Ridgeview Diagnostic Server (Ridgeview Diagnostics, Uppsala, Sweden). For this purpose, the SPR sensorgrams were exported from the Biacore T200 Evaluation Software 2.0 as *.txt files and imported into TraceDrawer Software 1.5 (Ridgeview Instruments, Uppsala, Sweden). IM files were generated using the IM tool within the software, which produces files that were then sent via e-mail to the server (im@ridgeviewdiagnostics.com), where the IM calculations were performed (Altschuh et al., 2012 ). The resulting files were then evaluated for spots in the TraceDrawer 1.5 Software, and the IM spots were quantified.
